The heterogeneous nuclear ribonucleoprotein K protein is an RNA-and DNA-binding protein implicated in the regulation of multiple processes that comprise gene expression. We used chromatin immunoprecipitation (ChIP) assays to explore K protein interactions with serum-inducible, constitutively expressed and untranscribed gene loci in vivo. In the rat HTC-IR hepatoma cell line, serum treatment induced transient increases in the mRNA levels of two immediate-early genes, egr-1 and c-myc. ChIP analysis showed that the induction of egr-1 and c-myc genes was associated with a transient recruitment of K protein to multiple sites within each of these loci, including the promoter and transcribed regions. In contrast, recruitment of K protein to the constitutively transcribed b-actin locus and to randomly chosen non-transcribed loci was far weaker. In rat mesangial cells, c-myc was constitutively expressed while egr-1 remained serum responsive. In these cells, ChIP analysis showed serum-induced recruitment to the inducible egr-1 but not to the c-myc locus. Pre-treatment with the transcription inhibitor actinomycin D blocked the inducible but not the constitutive binding of K protein to these loci. Taken together, the results of this study suggest that the transient recruitment of K protein to serum-responsive loci depends on the inducible transcription of these immediate-early genes.
INTRODUCTION
Heterogeneous nuclear ribonucleoprotein K (hnRNP K) is an evolutionarily conserved factor (1±3) found in multiple subcellular compartments including the nucleus (3), cytoplasm (4) and mitochondria (5) . The ®nding that K protein is involved in a host of processes that comprise gene expression, such as chromatin remodeling (1) , transcription (6, 7) , premRNA splicing (8) , mRNA export (9) and translation (10) , has generated great interest in this factor (11±13). The involvement of K protein in these many processes probably re¯ects the interactions of its multiple domains (11, 12) with a diversity of molecular partners including DNA (14, 15) , RNA (3), protein kinases (16±19), the GTP/GDP exchange factor Vav (20, 21) , and proteins involved in chromatin remodeling (22, 23) , transcription (6, 24) , mRNA splicing (23) and translation (12) . Many of these interactions have been shown to be regulated by K protein phosphorylation induced either by changes in the extracellular environment (25) or by the activity of speci®c ligands (26) . K protein is not only a kinase substrate (17) but it also regulates the activity of kinases (17, 18) . These ®ndings are consistent with a model where K protein bridges signal transduction pathways to sites of nucleic acid-directed processes (11, 12) .
In the present study, we explored interactions of K protein with DNA targets in vivo. We show that K protein is transiently recruited to immediate-early gene loci in response to treatment of cells with serum, binding that appears to be transcription dependent.
MATERIALS AND METHODS

Cells
Rat HTC-IR hepatoma cells were grown in plastic cell culturē asks (26) in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (100 U/ml) and streptomycin (0.01%), and humidi®ed with a 7/93% CO 2 /air gas mixture. Rat mesangial cells were grown the same way except that RPMI 1640 medium was used (27) .
Western blotting and immnuoprecipitations
Immunoprecipitations using anti-K protein antibody 54 directed against the C-terminus were carried out as previously described. Western blotting and immunostaining using anti-K protein antibody 54 were done by standard methods. Blots were developed using alkaline phosphatase colorimetric detection (26) .
Chromatin immunoprecipitation (ChIP)
ChIP analysis was based on a previously published method (1, 28) . Cross-linking was done in the cold room, by adding *To whom correspondence should be addressed. Tel: +1 206 543 3792; Fax: +1 206 685 8661; Email: karolb@u.washington.edu 0.4 ml of 37% formaldehyde to 10 ml of overlaying media for 15 min. After cross-linking, cells were harvested and then washed twice with 1 ml of phosphate-buffered saline in Eppendorf tubes. Cells were lysed with 0.5 ml of IP buffer (150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% NP-40, 50 mM Tris±HCl, pH 7.5, 0.5 mM dithiothreitol) containing the following inhibitors: 10 mg/ml leupeptin, 0.5 mM phenylmethylsulfonyl¯uoride, 30 mM p-nitrophenyl phosphate, 10 mM NaF, 0.1 mM Na 3 VO 4 , 0.1 mM Na 2 MoO 4 and 10 mM b-glycerophosphate. After one wash with 1.0 ml of IP buffer, the pellet was resuspended in 1.0 ml of IP buffer (containing all inhibitors) and was sheared with a Bronson sonicator with two 10 s cycles, one pulsed and one continuous, at an output 3 and 80% duty cycle. Pull-downs were done using anti-K protein antibody either with or without blocking peptide (100 mM) and protein A beads (Pharmacia) (25) . Beads were washed ®ve times with 1 ml of IP buffer containing no inhibitors. DNA was eluted twice from the beads with 250 ml of elution buffer (1% SDS, 0.1 M NaHCO 3 ) for 15 min with periodic vortexing (at room temperature). Cross-linking was reversed by adding 20 ml of 5 M NaCl and incubating the eluate overnight at 65°C. After adding 5 mg of linear acrylamide, DNA was precipitated with 1.0 ml of 100% ethanol. The pellet was washed with 1 ml of 70% ethanol, and then dissolved in 100 ml of TE pH 8.0. Proteins were digested by adding 11 ml of 10Q proteinase K buffer (0.1 M Tris, pH 7.8, 50 mM EDTA, 5% SDS) and 1 ml of of 20 mg/ml proteinase K at 50°C for 30 min. DNA was extracted using phenol/chloroform, precipitated with ethanol and the ®nal DNA pellet was dissolved in 20 ml of TE buffer.
PCR ampli®cations were done in 25 ml of 1Q PCR buffer containing DNA, 0.5 mM primers (Table 1) , 40 mM of each deoxynucleotide triphosphate (dNTP), 1.5 mM MgCl 2 and 1.0 U of HotStart Taq DNA polymerase (Qiagen). One mCi of [a-32 P]dCTP (NEN) was used in the reaction to label the PCR products. PCR products were resolved on native 5% polyacrylamide gels, the gels were dried and the PCR products were quanti®ed using a phosphorimager (Cyclone, Packard). Densitometric analysis was performed using OptiQuantÔ Image Analysis Software (Packard).
RNA isolation and quantitative RT±PCR
RNase inhibitor (1 U/ml) was used in all extractions and reactions involving RNA. Total cellular RNA was isolated using TRIzol reagent as per the manufacturer's protocol (Invitrogen). RT±PCRs were carried out using SuperScript II reverse transcriptase (Invitrogen) and random primers in a 20 ml volume as per the manufacturer's protocol. RT±PCRs were diluted 1:10 with water, and cDNAs were used in the PCR. Ampli®cations and analysis of 32 P-labeled products were done as described above.
RESULTS AND DISCUSSSION
ChIP analysis of K protein interactions with serum-induced immediate-early gene loci Treatment of cells with serum induces a large repertoire of genes, including the rapid induction of the immediate-early genes (29) . Activation of these genes provides a good model to study the mechanisms of inducible gene expression (30, 31) . Serum-deprived rat HTC-IR cells were treated for given times with serum, whole-cell lysates were prepared and total RNA was puri®ed. The levels of egr-1 and c-myc mRNAs were assessed using RT±PCR and gene-speci®c primers. Phosphorimaging of the 32 P-labeled products separated by native PAGE revealed that the two transcripts were transiently induced by serum, with the peak levels seen 15±30 min following treatment (Fig. 1A and B, lanes 1±5) . Compared with c-myc, a larger increase was seen in egr-1 mRNA, which also had lower constitutive expression in these serum-deprived cells.
K protein is known to regulate c-myc gene expression (6, 32) . We used ChIP assays to test if K protein interacts with this and other serum-responsive gene loci in vivo. To ensure the speci®city of the method, we used as a negative control anti-K protein antibody blocked with the peptide used to raise the serum. The western blot immunostained with anti-K protein antibody illustrates that pre-incubating the antibody with the peptide abrogates the ability of the antibody to precipitate K protein from cell lysates ( Fig. 2A , compare lanes 1 and 2). Next we used these reagents in ChIP assays to assess binding of K protein to the c-myc locus, a gene whose transcription is thought to be regulated by K protein (6, 33) . HTC-IR cells grown in serum-containing medium were either treated (Fig. 2B , lanes 1 and 2) or not treated (Fig. 2B , lanes 3 and 4) with formaldehyde (1). Cells were harvested, washed and lysed, and the pellets were sheared using a sonicator. K protein±DNA adducts were mixed with either antibody alone or antibody pre-incubated with the blocking peptide; pulleddown DNA was puri®ed from washed beads and used as a template in PCR using primers to the c-myc gene promoter. An ethidium bromide-stained agarose gel revealed a PCR product of the predicted size only in cells that were treated with the cross-liking agent and from beads that contained antibody that was not blocked with the peptide. These results validate this strategy to assess K protein interactions with gene loci in vivo.
To explore the mechanisms of K protein interaction with egr-1 and c-myc loci, serum-deprived HTC-IR cells were treated with serum, and at given time points cells were crosslinked and ChIP analysis was done as above except that the number of cycles was decreased, PCR products were 32 Plabeled and products were resolved on native PAGE to measure signals using a phosphorimager. Three sets of primers were used that span nearly the entire length of the egr-1 and c-myc loci, including the 5¢-¯anking promoter regions. The results of ChIP showed that K protein binds the egr-1 locus with similar kinetics for each set of primers used; in untreated cells, there was little K protein binding and the peak signal ratio [PCR signal (±) blocking peptide/(+) blocking peptide] was observed 60±120 min following treatment of cells with serum ( Fig. 3, lanes 1±5 ). Similar kinetics of serum-induced Figure 2 . ChIP analysis using anti-K (aK) protein antibody. (A) Nuclear extracts from HTC-IR cells were mixed with anti-K protein antibody that was preincubated with (+, lane 1) or without (±, lane 2) the peptide used to generate the antibody in rabbits (48) . Complexes were pulled-down with protein A beads and, after washing, proteins were eluted by boiling in SDS loading buffer. Proteins were resolved by SDS±PAGE and, after transfer to PVDF, the membranes were immunostained with anti-K protein antibody. Pre-stained molecular weight markers were run in lane 3, shown in kDa. (B) HTC-IR cells were treated with (+, lanes 3 and 4) or without (±, lanes 1 and 2) formaldehyde. Cells were lysed, nuclei were isolated and then sonicated. K protein was immunoprecipitated with anti-K protein antibody that was pre-incubated with either non-speci®c peptide (±, lanes 2 and 4) or a peptide that blocks K protein immunoprecipitation (blocking peptide, +, lanes 1 and 3) (A). Complexes were eluted, cross-linking was reversed and puri®ed DNA was used as a template in a PCR using primers to the rat c-myc gene. DNA was separated by agarose gel electrophoresis and visualized with ethidium bromide. The arrow shows the predicted size fragment of the c-myc gene. The lower bands seen in every lane correspond to the PCR primers used. Cells were harvested for extraction of total RNA. Whole-cell RNA was used in RT±PCRs using oligo(dT) primer. PCR was carried out using primers for egr-1 (A) and c-myc (B) genes and [a-32 P]dCTP. PCR products were resolved by non-denaturing 5% PAGE, and were analyzed using a phosphorimager. The diagram above the gels shows egr-1 (A) and c-myc (B) cDNAs; exons (E), which are numbered, are shown as boxes. The pairs of arrows designate the location of each pair of primers used to amplify the transcript fragments.
recruitment of K protein were observed for the longer c-myc locus (Fig. 4) . Because the chromatin was sheared to an average fragment size of 500 bp (assessed by agarose gel electrophoresis), the observation that similar signals were obtained with all three primers spanning the length of these loci suggests that K protein is recruited to multiple sites within the egr-1 and c-myc genes. . The rest of the ChIP assay was done as described in Figure 2 , except that PCR was carried out using a series of primers spanning the length of the egr-1 locus. [a-32 P]dCTP-labeled PCR products were resolved by non-denaturing 5% PAGE, and were analyzed using a phosphorimager. The graphs show signal ratios between the level of the 32 
ChIP analysis of K protein interactions with constitutively expressed and non-transcribed loci
In cultured cells, the b-actin gene is constitutively expressed at high levels and it is not induced by serum treatment (Fig. 5A) . Next, we examined the binding of K protein to the b-actin locus in serum-treated HTC-IR cells. Although there was apparent K protein recruitment to the b-actin locus, the level of binding was lower than that seen for the egr-1 and c-myc locus (signal ratio 4±5 for b-actin, compared with 20±40 for the immediate-early genes; compare Fig. 5B with Figs 3 and  4) . The weak K protein recruitment may re¯ect the low af®nity of K protein for the b-actin locus in these cells.
Because K protein appears to be recruited to the seruminduced immediate-early and b-actin loci (Figs 3±5), we wondered if this holds true for any stretch of DNA. To test such a possibility, we designed PCR primers to intragenic nontranscribed regions of two randomly chosen rat clones (NCBI) and used them to amplify fragments from the same immunoprecipitated DNA samples that were used above (Figs 3±5) to assess recruitment to the immediate-early gene loci. PCR results for these loci are shown in Figure 6 . Compared with the signal ratios obtained with primers for the egr-1 and c-myc loci, the randomly chosen rat clones showed 10-fold lower signal ratios (in the range of 2±3 for the random sequence compared with 20±40 for the immediate-early genes). As for the immediate-early genes, some of these non-transcribed loci exhibited a weak transient increase ( Fig. 6A and C) , while with other primers the signal ratios were relatively unchanged by serum treatment (Fig. 6B) . It is conceivable that the apparent weak recruitment of K protein to the randomly chosen loci (Fig. 6) represents background within the ChIP assay. For example, it may re¯ect binding of K protein to sites other than these untranscribed loci.
Since for some loci K protein recruitment is transient while for others it appears to be constitutive, we wanted to address the global pattern of K protein±DNA interaction in vivo. To assess this, serum-deprived HTC-IR cells were pulse-labeled with [ 3 H]thymidine and were then treated with 10% FBS for the indicated times (Fig. 7) . After cells were cross-linked with formaldehyde, nuclei were sonicated and 3 H-labeled DNA complexes were pulled-down with blocked and unblocked anti-K protein antibody. [ 3 H]DNA eluted from the beads was measured using a scintillation counter. The counts measured from beads bearing peptide-blocked K protein antibody remained the same in untreated and treated samples; these 3 H counts represent non-speci®c binding of DNA complexes to beads. There were twice as many 3 H counts pulled-down with beads bearing anti-K protein antibody without blocking peptide and this did not change with serum treatment. Thus, while K protein recruitment to serum-responsive immediateearly gene loci was strongly inducible (Figs 3 and 4) , the global DNA±K protein interaction was largely constitutive (Fig. 7) . The signal ratio of the constitutive binding (2 U) was at least 10-fold below the peak signal ratio of the inducibly transcribed loci (Figs 2 and 3 ). K and other hnRNP proteins are components of nuclear matrix (34±36). Chromatin loops are attached to nuclear matrix through protein±DNA interactions. Thus, co-immunoprecipitation of 3 H-labeled chromatin with K protein shown here (Fig. 7) may, in part, represent attachment of chromatin to the nuclear matrix. If so, the low level of binding seen in the untranscribed loci (Fig. 6 ) may also re¯ect these types of DNA±protein interactions.
Evidence that inducible recruitment of K protein to serum-responsive gene loci is transcription dependent While studying different cell types, we have found that serum treatment of rat mesangial cells increased egr-1 but not c-myc mRNA levels (compare Fig. 8A, lanes 1±3 with Fig. 1B , lanes 1±3). Since this was different from the serum-responsive c-myc expression in hepatocytes, we used these cells to compare inducible recruitment of K protein to these loci. ChIP analysis revealed that there was serum-inducible recruitment of K protein to the transcriptionally active egr-1 locus (Fig. 8C,  lanes 1±3 ). In contrast, there was no inducible recruitment to the unresponsive c-myc locus (Fig. 8D, lanes 1±3) . These results suggest that the serum-responsive transient increase in K protein binding is dependent on the inducible transcription of the egr-1 target gene. To test this hypothesis further, we pre-treated (60 min) rat mesangial cells with the transcription inhibitor, actinomycin D (37, 38) . RT±PCR showed that this agent markedly decreased the constitutive levels of both egr-1 and c-myc mRNAs and blocked the serum-responsive induction of egr-1 (Fig. 8A and B, lanes 4±6 ). Both egr-1 and c-myc are immediate-early genes and their transcripts have short half-lives (20±30 min) (6). Thus, blocking transcription resulted in a rapid decline of transcript levels due to their degradation. In contrast, b-actin transcript has a longer halflife, and pre-treatment with actinomycin D did not alter the constitutive level of this mRNA (data not shown). ChIP analysis in mesangial cells pre-treated with actinomycin D showed that this agent blocked the inducible but not the constitutive binding of K protein to the egr-1 locus (Fig. 8C , compare lanes 1±3 with lanes 4±6). The constitutive binding of K protein to the c-myc locus was also not altered by pretreatment of these cells with actinomycin D (Fig. 8D , compare lanes 1±3 with lanes 4±6). These results indicate that the transient recruitment of K protein to serum-inducible gene loci is transcription dependent. In contrast, the constitutive binding is not. This constitutive transcription-independent component may, in part, represent the genome-wide K protein binding pattern shown in the [ 3 H]thymidine labeling experiments (Fig. 7) .
K protein was ®rst identi®ed as a component of the hnRNP particle (3, 39) , and presumably can bind to mRNAs as they are synthesized. Thus, the serum-responsive recruitment to transcribed regions may represent binding of K protein to the nascent transcripts. To test if K protein binds to immediateearly gene transcripts in vivo, serum-deprived HTC-IR cells were either untreated or were treated with 10% serum for 30 min. Cells were then incubated with formaldehyde (28) and RNA bound to K protein was immunoprecipitated with anti-K protein antibody. This RNA was used as a template in RT± PCR using c-myc and egr-1 primers. Predicted PCR products were obtained with egr-1 (Fig. 9A ) and c-myc (Fig. 9B) primer pairs. Without reverse transcriptase, no PCR product was obtained, indicating no DNA contamination (data not shown). These results show that both transcripts were immunoprecipitated with K protein and provide evidence that K protein associates with these transcripts in vivo. The binding of K protein to these RNAs is consistent with the possibility that the recruitment to the transcribed sites may, in part, be mediated by binding of K protein to these immediate-early nascent transcripts (40) . However, K protein binds many proteins, DNA and RNA (12) . Some of the K protein partners are recruited to transcribed loci by interacting with DNA, transcriptionally active complexes or nascent RNA. One or more of these K protein interactions could be responsible for the recruitment of K protein to the transcribed loci by an indirect mechanism.
The level of egr-1 mRNA co-immunoprecipitated with K protein increased with serum treatment, while the amount of c-myc mRNA decreased (Fig. 9, lanes 1 and 2) . Although serum treatment increased the levels of c-myc mRNA, the amount bound to K protein decreased (Figs 1B and 9B) . Similarly decreased K protein±RNA binding was observed for b-actin RNA in response to serum treatment of these cells (data not shown). The protein composition of mRNPs is dynamic and depends on subcellular compartmentalization of the protein±RNA complex (40) and extracellular signals (18) . For example, a signal-dependent release of K protein from the 15-lipoxygenase (LOX) mRNA in erythroid precursors is thought to activate translation of the LOX transcript by allowing its shift to polysomes (18) . The RNA co-immunoprecipitation results (Fig. 9 , and data not shown) may represent the net effect of the K protein±c-myc mRNA interactions that occur predominantly in the cytoplasmic compartment. Unlike egr-1, there is a relatively high level of constitutive expression of c-myc mRNA (Fig. 1A and B) . Thus, the serum-induced decrease of c-myc mRNA bound to K protein may represent reduced K protein binding to this constitutive and presumably cytoplasmic pool. Similarly to the LOX mRNA (18) , this decrease may re¯ect a shift of c-myc mRNA from mRNPs to the polysome-bound fraction. In contrast, it is conceivable that in the nucleus, the level of binding of K protein to nuclear c-myc RNA follows the pattern determined by serum-induced transcription (40) .
In the above studies, we demonstrate inducible and constitutive binding of K protein to immediate-early gene loci that respond to serum (Figs 3, 4 and 8B) . The results of the ChIP analysis suggest that both inducible and constitutive binding of K protein occur at multiple sites including the promoter and transcribed regions (Figs 3 and 4) . Although novel, the observation that K protein binds to multiple sites within target loci is not unexpected. K protein has been shown to regulate promoter activity including that of the c-myc gene Figure 8 . Evidence that transient recruitment of K protein to gene loci depends on gene-speci®c serum-inducible transcription. Serum-deprived rat mesangial cells were pre-incubated with or without 1 mg/ml actinomycin D (60 min) and then were treated with 10% FBS for the indicated times. Total RNA was isolated for RT±PCR, and ChIP analysis was done using K protein antibody as before (Figs 1 and 3) . RT±PCR and ChIP analysis were done using primers for the indicated regions within the egr-1 and the c-myc loci. (6) . In vitro K protein binds the c-myc promoter CT element directly, and in reporter gene assays mutation of this element abrogates the ability of K protein to activate the c-myc promoter (41) . The in vivo interaction of K protein with the c-myc promoter shown here (Fig. 4) is consistent with the previous suggestions that K protein regulates endogenous c-myc promoter (6, 32, 41) . K protein has also been shown to stimulate transcription of reporter genes even if the promoters do not contain CT elements (42) . This may re¯ect effects of K protein on steps downstream of transcription initiation, such as transcription elongation and pre-RNA processing. We have shown that K protein interacts in vivo with mRNAs encoded by target loci including egr-1 and c-myc (Fig. 9 ) (26), suggesting that it regulates RNA-directed processes. Indeed, K protein has recently been shown to regulate splicing of the b-tropomyosin pre-mRNA (8) . Thus, recruitment to sites within both the promoter and transcribed regions (Figs 3 and  4) is consistent with the suggestion that K protein is involved in multiple processes that comprise gene expression, including transcription and pre-mRNA processing.
A class of factors recently identi®ed appears to bridge signal transduction pathways to sites of nucleic acid-directed processes (25, 43, 44) . In addition to K protein (16, 18, 25, 45, 46) , this class of factors includes YB-1 (43), Sam68 (47) and others (44) . Here we demonstrate for the ®rst time (Figs 3  and 4 ) that a member of this class of signaling molecules is recruited to multiple sites within an inducible gene locus. Because K protein is a substrate and interacts with several inducible kinases (16, 18, 25, 45, 46) , these observations suggest that K protein participates in signaling processes at the target gene loci. The role of K protein recruitment to these inducible gene loci remains to be de®ned.
